Hf-based scintillator, high resolution, excellent non-proportionality, non-hygroscopic scintillator, intrinsic scintillator ABSTRACT This paper reports on successful growth and performance evaluation of two large diameter Cs2HfCl6 (CHC) and Cs2HfCl4Br2 (CHCB), both recently developed scintillator crystals. The discovery of Cs2HfCl6 (CHC) as a scintillator has lately generated much interest in this material and its family, which belongs to the K2PtCl6 cubic crystal structure. CHC is an intrinsic scintillator that is non-hygroscopic, has no self-radioactivity, provides excellent energy resolution, and has * Corresponding Author: email: drh1980@gmail.com, phone: 1-615-916-6666.
INTRODUCTION
Widespread use of scintillators as gamma-ray detectors is largely generated by their tunable properties and extensive availability. Currently there are needs for scintillators with targeted properties such as high light output, high stopping power (Zeff), fast decay time, good linearity and low cost. The most commonly used scintillators like NaI:Tl and CsI:Tl are widely used in gamma cameras for medical imaging. Recently, there has been a growing interest in employing a large volume of scintillator material such as NaI:Tl or CsI:Tl in detection and identification of radioisotopes for homeland security. Different radioisotopes can have close emission energies, which need to be distinguishable for accurate detection. Therefore, better performance in distinguishing between the different isotopes will require the scintillation material to have excellent energy resolution, excellent proportionality, and high light yield.
Newly discovered cerium-doped lanthanum halide scintillators, such as LaCl3:Ce, and LaBr3:Ce, are well known to have excellent energy resolutions (about 3% (FWHM) at 662 keV) and have a more linear response to energy than NaI:Tl. However, but they have intrinsic radioactivity and most of past measurements were performed using small research crystals. The market for 3 scintillation detectors annually consumes tens of tons of alkali halide scintillation crystals. This being so, new application fields arise along with traditional ones. They dictate a necessity for R&D of new technologies for more perfect crystal growth. Thus, the growth of alkali halide crystals is a core matter of scientific and technological activity in production and improvement of alkali halide scintillators 1 .
Since the re-discovery of CHC as a new non-hygroscopic simple cubic and intrinsic scintillator, a few papers have reported their studies on the growth difficulties. CHC was rediscovered and reported as an example of a little-known class of non-hygroscopic compounds having the generic cubic crystal structure of K2PtCl6 2 . CHC scintillation is centered at 400 nm, with a principal decay time of 4.4 μs and a light yield of up to 54,000 photons/MeV (when compared to BGO), and energy resolution of 3.3% at 662 keV using a 0.65 cm 3 cubic sample 3 .
A further study on crystal growth and behavior CHC and its variant, Cs2HfCl4Br2 (CHCB) was also reported 4 . CHC and CHCB crystals were prepared by melt compounding of sublimed HfCl4 with CsCl and CsBr to produce material for Bridgman growth. A clear CHC sample had a light yield and energy resolution of 30,000 ph/MeV (when compared to NaI:Tl) and 3.3%, respectively, with decay components of 0.39 and 3.9 μs. A sample of CHCB with a secondary phase present in the core had a light yield and energy resolution of 18,600 ph/MeV and 4.4%, and with decay components of 0.38 and 2.0 μs for CHCB. Both crystals showed minimal moisture sensitivity 4 . In both previous papers small samples were presented and tested due to difficulties in crystal growth 4 . Shown in their resulting 1-cm and 1-inch CHC crystals is evidence of CsCl as a secondary phase, which was a result of a non-stoichiometric (CsCl-rich) melt composition caused by the high vapor pressure of HfCl4 during compounding. This secondary phase was verified using micro X-ray fluorescence spectrometry 4 . The study also reported an evidence of a secondary phase in CHCB. In this paper we are presenting growth and characterization results of high performing transparent crack-free large diameter CHC and CHCB single crystals with energy resolutions of 3.5% and 3.7%, light yields of 23,000 ph/MeV and 20,000 ph/MeV, and primary decay times of 4.3 s and 1.8 s, respectively, which indicates that CHCB is close to 2.5 times faster than CHC.
EXPERIMENTAL METHODS
For a growth run stoichiometric amounts of starting materials CsCl (99.999%) and HfCl4 (99.9%) for CHC, along with CsCl, CsBr (99.995%) and HfBr4 (99.9%) for CHCB, were utilized. Prior to growth, HfCl4 starting material underwent a one-time purification by sublimation. For this purification process 200 grams of HfCl4 powder was loaded into a precleaned 1-inch inner diameter quartz ampoule, which was subsequently sealed under vacuum.
The ampoule was inserted into a one-zone horizontal furnace, with the furnace temperature set to 220 o C. The sublimation process was conducted for 72 hours, after which the furnace was cooled down to room temperature. Figure 1 shows the sublimation ampoule post-processing, where about 40% of HfCl4 was left at the starting end (left-side) of the ampoule. For a growth run stoichiometric amounts of starting materials CsCl and purified HfCl4 for CHC, along with CsCl, CsBr and HfBr4 for CHCB, were loaded into different sizes growth 5 ampoules such as 16mm and a  one-inch ampoules. The ampoules were then attached to a vacuum system until a high vacuum ≤1 × 10 -5 Torr was reached. The ampoules were then sealed and subsequently placed into a two-zone furnace for growth by the vertical Bridgman method Results from 16 mm boule were reported 5 and are being included in another publication 6 . From 6 the and 1-inch CHC boule a 31 mm long sample was cut using a diamond wire saw for evaluation. Figure 4 (a) shows the transparent and crack-free CHC sample, now with dimensions of 23 mm × 30 mm after lapping and polishing. Two samples from a 1-inch CHCB boule are shown in Figure 4 Figure 3(a) , showing an energy resolution of 3.5% (FWHM) at 662 keV that is comparable to ≤3.0% (FWHM) previously measured for a smaller size 15mm × 15mm CHC crystal 6, 7 . The light yield was measured to be 23,000 ph/MeV, by comparing the 662 keV full energy peak channel number for CHC with that of a 1″×1″ NaI:Tl (Figure 6(b) ) while taking into account the quantum efficiency of R6321-100 PMT at 410 nm (emission peak of CHC 3 ) and at 415 nm (emission peak of NaI:Tl 8 ). The light yield value, slightly lower than previously reported for smaller and thinner CHC crystals, may be attributed to non-doped (intrinsic) scintillation and/or less than optimal light collection. Thinner (i.e. height < diameter) CHC crystals have been observed to produce higher light yield than thicker (i.e. height diameter) 10 crystals. Factors that influence light collection such as index of refraction and light yield collection efficiency calculation for CHC will be explored in a future publication. showing an energy resolution of 3.7% (FWHM) at 662 keV. The light yield, calculated with the same procedure as with CHC and with taking into account the quantum efficiency of the PMT at 423 nm (the emission peak for CHCB 9 ), is 20,000 ph/MeV (Figure 7(b) ). Better crystal quality contributes to a better energy resolution (compared to previously reported values 4, 9 ) . Like the case of large diameter CHC crystals, large diameter CHCB crystals may benefit from optimization of light collection efficiency. Spectra from check sources with x-/γ-ray energies between 14 keV and 1332 keV were collected to obtain full energy peak resolution and light yield at specific photon energies.
Relative light yield data were obtained by normalizing the light yield at the specific energy to that of 137 Cs. The γ-ray non-proportionality curves for CHC in Figure 7 (a) and for CHCB in Figure 3 (a) to be 254 ns (7%) and 3.8 μs (93%), which are comparable to published data from smaller CHC crystals 3, 4, 6, 7 . With similar fitting procedure, the decay times for CHCB were found to be 330 ns (10%) and 1.8 s (90%), values which are also comparable to published data from smaller CHCB crystals 4, 9 . Substituting some Clions with Brions appears to halve the primary decay time from 3.8 s to 2 s. Because CHC and CHCB are both intrinsic scintillators, the improvement to scintillation timing property may be caused by the change in crystal structure or cell parameters, and possibly the change in energy band diagram. A theoretical study on the effects of Br-ion substitutions in CHC to the crystal structure, like the one already conducted for CHC 11 , is currently being carried out and will be reported in a future publication. 
CONCLUSIONS
Cs2HfCl6 is a non-hygroscopic, simple cubic intrinsic high performance scintillator crystal. We are reporting a development of a high performing transparent crack-free CHC single crystal growth that is achievable using highly purified in lab processed starting materials, specifically HfCl4. Half inch and one-inch diameter CHC and CHCB crystals have excellent energy resolutions about 3.5% (FWHM) at 662 keV and proportional response to photon energy over a large range of photon energies. Larger diameter CHC and CHCB samples perform as well as smaller CHC crystals indicating high crystal quality. The primary scintillation decay constant for CHCB is close to 2.5 times faster than CHC.
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